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Abstract -- MOSFETs fabricated in the commercial 
Taiwan Semiconductor 
(TSMC) 0.35-um CMOS process were characterized 
with respect to the effects of total dose irradiation. 
Gate oxide threshold voltage shifts at 70 krad(Si) for 
both minimum geometry 0.70um/0.35um NMOS and 
PMOS transistors biased for worst-case shifts were less 
than 70 mV. Offf-state field leakage currents for 
isolated NMOS transistors were near 1 pA at 50 
krad(Si), but became large at 100 krad(Si). The effect 
of a post-irradiation high temperature anneal was to 
lower these leakage currents to less than 10 pA. PMOS 
transistors exhibited less than 10 pA leakage for doses 
up to 150 krad(Si). Measurements on edgeless annular 
NMOS transistors showed only minor increases in 
leakage current with total dose up to 2 Mrad(Si), 
indicating that the increased leakage observed in 
standard NMOS transistors is the result of field 
leakage associated with inversion in the bird’s beak 
region at the transistor/field oxide interface. 
Measurements on field-oxide transistor test structures 
biased for worst-case threshold voltage shifts showed 
the transistors inverted between 25 and 50 krad(Si) for 
3.3 V operation. Measurements on ring-oscillators 
biased dynamically during irradiation showed less than 
a 10% change in gate delay and in power up to 2 
Mrad(Si) total dose, suggesting that for actual digital 
circuits applications, functionality and performance 
may -be able to be maintained to doses substantially 
above 50 krad(Si) with the application of hardness-by- 
design techniques to mitigate field-oxide inversion. 


I. INTRODUCTION 


Continued improvement in the performance of military 
and commercial satellite systems will depend critically on 
the rate of insertion of advanced microelectronics 
technologies into these systems. While many national 
defense space systems will continue to rely on radiation- 
_ hardened components from rad-hard foundries to meet 
_ their requirements, many commercial and military space 
missions can make effective use of rad-tolerant and rad- 
hard components using commercial foundries, with the 
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application of hardness-by-design approaches [1]-[3] when 
necessary. 

Until recently, it was believed that commercial CMOS 
processes, which make no effort to harden their oxide 
interfaces against radiation-induced degradation, would not 
perform well in the natural space environment. Recent 
results characterizing the effects of total ionizing dose 
irradiation on several commercial CMOS processes, 
however, have shown there is a trend toward increased 
radiation tolerance [4]-[13]. We have found that several 
commercially available CMOS processes demonstrate 
radiation tolerance to the 50 to 100 krad(Si) range that will 
meet the total-dose radiation requirements of many space 
missions [4],[5]-[9],[11],[12]. Last year we showed the 
advanced Taiwan Semiconductor Manufacturing Company 
(TSMC) 0.25-um CMOS process available through the 
MOSIS_ foundry service was radiation hard to 
approximately 500 krad [13] when guardbanding was used 
to mitigate against isolation oxide inversion. 

In this study, we have obtained samples of integrated 
circuit test structures fabricated at TSMC using their 0.35- 
lm process. The results of this study suggest that the 0.35- 
uum TSMC process is radiation tolerant to at least 50 
krad(Si), and may be useful in orbits with exposures to 
radiation above 75 krad(Si) if a modest amount of NMOS 
leakage is tolerable and/or the effects of annealing 
associated with the low dose rates of space are considered. 


Tf. EXPERIMENTAL 


We have developed a custom test chip called the 
RADCELL to assess the intrinsic total-dose radiation 
hardness of circuits built at commercial foundries. The 
RADCELL chip contains various configurations of n- 
channel and p-channel transistors, field-oxide capacitors 
and transistors, ring-oscillators, and single event latchup 
(SEL) and SEU test structures. We have processed the 
RADCELL at a TSMC 0.35-um foundry through MOSIS 
(Marina del Rey, CA). The TSMC 0.35 pm process is a 
dual polysilicon, three level metal process with gate oxide 
thickness of approximately 7.6 nm and A= 0.20 ym as 
drawn (A is half the drawn polysilicon gate length). For 


this study, we looked at test structures from date-lot code 
NOCQ. Typical pre-irradiation electrical device 
information and SPICE model parameters, as well as 
additional process parameters may be found at the MOSIS 
web site (http://www.mosis.com). 

RADCELL devices tested for this study included n- 
channel and p-channel minimum channel length transistors 
(W/L = 0.70pm/0.35pm), n-channel and p-channel 
edgeless transistors, minimum geometry 49-stage unity 
fanout NAND ring oscillators, and field-oxide transistors. 
The field-oxide transistors were fabricated with a 
polysilicon gate over LOCOS field oxide between adjacent 
n-wells, which were contacted as the source/drain of the 
field-oxide transistors. 

Total dose irradiation was performed with a JL 
Shepherd Model 484 cobalt-60 gamma source at dose rates 
at or above 50 rad(Si)/sec. These structures were tested 
and then irradiated at incremental doses employing Test 
Method 1019.5 of MIL-STD-883E. The test structures 
were enclosed in a PbAl-shielded box during irradiation. 
The n-channel transistors were biased with 3.3 V on the 
gate relative to source, drain, -and body; p-channel 
transistors were biased with 3.3 V on the gate, source and 
body relative to the drain; ring oscillators were biased at 
3.3 V for dynamic operation; and the field-oxide transistors 
were biased with 3.3 V on the polysilicon gate. Following 
final irradiation, all devices were subjected to a 100°C/168 
hr biased anneal. Threshold voltages, subthreshold slopes, 
and transconductances were measured with a HP4155 
semiconductor analyzer using a source-drain bias of 100 
mV. The sample size for the n & p minimum geometry 
transistors was 12 each, for the ring oscillators, 3, for the 
annular transistors 12, and 4 field-oxide transistors were 
measured. For this paper, the threshold voltages were 
determined as shown elsewhere [6]. 


III. RESULTS AND DISCUSSION 


Figures 1 and 2 show drain current vs. gate voltage 
characteristics for typical NMOS and PMOS minimum 
geometry transistors with W/L = 0.70um/0.35um biased 
during irradiation for worst-case logic degradation as 
described in section IL The NMOS _ transistor 
characteristics showed little degradation up to a radiation 
dose of 50 krad(Si). At 70 krad(Si), the off-state current is 
still below 1 nA. It is interesting to note that for a one 
million gate ASIC, a 1 nA off-state current would 
correspond to an additional quiescent current of 
approximately 4 mA. At 100 krad(Si), the off-state current 
has increased substantially to nearly 1 WA. Similar 
results were observed for wide NMOS transistors with W/L 
= 48um/0.35um. The PMOS transistors showed no 
additional source-drain leakage with increased irradiation, 
as expected. 
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Fig. 1. Drain current vs. gate voltage as a function of total dose 
for a 0.70/0.35 NMOS transistor fabricated at TSMC. 
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Fig. 2. Drain current vs. gate voltage as a function of total dose 
for a 0.70/0.35 PMOS transistor fabricated at TSMC. 


The effects of irradiation on NMOS and PMOS 
threshold voltages (Vy) are shown in Figs. 3 and 4, 
respectively. The observed average threshold voltage shift 
for the NMOS transistors at 70 krad(Si) is 67 mV. Note 
the NMOS threshold voltage shifts at 100 and 150 krad(Si) 
are not shown due to difficulties in calculating the 
threshold voltage in the presence of a large off-state 
current. While the threshold voltage shift at 70 krad 
should not pose a: problem to circuit functionality, this 
negative shift is larger than has been observed in other 
commercial processes with similar gate oxide thickness 
{8],[9]. The change in PMOS threshold voltage is less than 
5 mV over the entire range of total doses. Although it 
may seem surprising that the Vy shift in’ the PMOS 
transistors is much smaller than that observed for the 
NMOS transistors in that the effect of trapped charge and 
interface state formation are additive in PMOS devices, but 
differential in NMOS devices, the source of this difference 
likely lies in the difference in worst-case logic bias 
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Fig. 3. The change in threshold voltage as a function of total dose 
. fora group of TSMC 0.35u.m NMOS transistors. 
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Fig. 4. The change in threshold voltage as a function of total 
dose for a group of TSMC 0.35um PMOS transistors. : 


conditions for PMOS and NMOS transistors. The worst- 
case logic bias condition for NMOS is more severe from 
the point-of-view of threshold voltage shift than for the 
PMOS transistors, where the gate and body are at the same 
potential. The contribution of interface state generation to 
the threshold voltage shift is negligible for both NMOS and 
PMOS transistors, as 
subthreshold slope degradation in the I-V curves, and from 
the annealing behavior of the threshold voltage data for 
both types of devices. Similar behavior was observed for 
the TSMC 0.25 um process [13]. , 
Figures 5 and 6 show the current-voltage curves and the 
éxtracted threshold voltage shifts, respectively, for an 
edgeless NMOS transistor, where the active region is 
entirely surrounded by the source implant region. Figure 5 
shows that there is essentially no increase in the off-state 
current up to total dose exposure to 2 Mrad(Si). This 
confirms that the leakage for standard edged transistors 
shown in Fig. 1 is associated with edge leakage, as has 


is evident from the lack of — 
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Fig. 5. Drain current vs. gate voltage as a function of total dose 
for an edgeless NMOS transistor. 
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Fig. 6. The change in threshold voltage as a function of total 
dose for an edgeless NMOS transistors. 


(4],(5]-[9],[11],[12]. Figure 6 shows that unlike the 
standard two-edged transistors which showed a significant” 
threshold voltage shift at 70 krad, the edgeless transistors 
do not show a shift in threshold voltage up to 2 Mrad(Si). 
This difference suggests that the observed threshold 
voltage shift in the edged NMOS transistors is associated 


’ with charge at the edge of the transistors. 


Ring oscillators consisting of 49 stages of two-edged 
CMOS NAND gates were also irradiated and tested for 
shifts in speed and power dissipation. Figures 7 and 8 
show the average propagation: delay and power dissipation 
as a function of total dose. Both the delay and power 
changed less than 10% up to a total dose of 150 krad(Si). 
Because the ring oscillators are biased dynamically, the 
typical threshold shifts in the transistors comprising these 
circuits are expected to be less than the worst-case shifts 
measured in individual transistors. Thus, the behavior of 
the ring oscillators is not significantly affected by radiation 
up to 300 krad. 
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Fig. 7. Gate delay as a function of total dose derived from NAND 
ring-oscillator test structures operated at 3.3V. 
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Fig. 8. Ring oscillator power as a function of total dose derived 
from NAND ring-oscillator test structures operated at 3.3V. 


Total dose data on field-oxide test structures used to 
examine the integrity of the LOCOS isolation oxide is 
shown in Figs. 9 and 10. The threshold voltage for the 
unirradiated transistor was 27V. The application of modest 
amount of ionizing radiation caused the threshold voltage 
to rapidly drop below zero volts. As seen in Fig 7, this 
crossover occurred at approximately 40 krad(Si). It should 
be noted again that the bias conditions were worst-case and 
static. These results suggest, however, that if one wants to 
use this process for exposures greater than 40 krad(Si), 
design techniques such as guardbanding should be used to 
mitigate against the effects of field oxide inversion. 


IV. SUMMARY AND CONCLUSIONS 
The radiation tolerance of electronic components 


manufactured at commercial CMOS foundries has shown 
Evidence of improvement over the past several years 
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Fig. 9. Drain current vs. gate voltage as a function of total dose 
for a field oxide transistor. : 
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Fig. 10. The change in threshold voltage as a function of total 
dose for a field oxide transistor. - 


[4]-[13]. For example, radiation-induced threshold voltage 
shifts in commercial CMOS transistors have been 
improving in scaled technologies due primarily to 
reductions in gate oxide thickness [4],[5]-[9],[11].[12]. 
Radiation-induced edge leakage and field inversion have 
also shown evidence of improvement as technologies scale 
due to oxide thickness reductions, as well as to technology 
improvements and changes. In this study, MOSFETs 
fabricated in the commercial TSMC 0.35-um CMOS 
process were characterized with respect to the effects of 
total dose irradiation. The results of this study suggest that 
the 0.35-um TSMC process is radiation tolerant to at least 
50 krad(Si) with the application of hardness-by-design to 
mitigate field oxide inversion, and may be useful in orbits 
with exposures to radiation above 75 krad(Si) if a modest 
amount of NMOS leakage is tolerable and/or the effects of 
annealing associated with the low dose rates of space are 
considered. These results are consistent with results 


obtained for other 0.35 um commercial CMOS processes 


[8],[9]. 
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